The popularity of smoked foodstuffs such as sauces, marinades and rubs is on the rise. 2
INTRODUCTION 22
Smoking of foods, although historically a means of preservation, is used nowadays to impart a 23 desirable smoky flavor to many popular foods, particularly rubs, sauces, seasonings and 24 marinades. The aroma compounds which contribute to the smoky flavor have been 25 characterized in smoked foods such as salmon, 1 sausages, 2 and smoke cured bacon, 3 as well 26 as in liquid smoke 4 derived from different woods 5 and aromatic plants. 6 The burning of lignin 27 produces phenols, particularly methoxyphenols, which impart potent smoky, burnt, tar, 28 phenolic and spicy notes. GC-Olfactometry has been used to show that 4-methylphenol (p-29 cresol), 4-methoxyphenol (guaiacol) and (E)-2-methoxy-4-(1-propenyl)phenol (isoeugenol) 30 contribute to the smoky spicy notes 1 whereas sweeter notes such as vanilla and toffee arise 31 from the formation of vanillin, 2-furancarboxaldehyde, and 2-hydroxy-3-methyl-2-32 cyclopenten-1-one (cyclotene). 33
However, the smoking process generates a group of dangerous carcinogens that are 34 responsible for lung cancer in cigarette smokers, and epidemiological evidence has implicated 35 food-derived polycyclic aromatic hydrocarbons (PAHs) in the development of liver and other 36 cancers in humans. 7, 8 Of the hundreds of PAHs generated during the smoking process, the 37
International Agency for Research on Cancer has classified benzo[a]pyrene (BaP) as a Group 38 1 carcinogen (i.e. known humans carcinogen) and 16 others have been classified as either 39
Group 2A or Group 2B carcinogens (probable and possible carcinogens). (1.4 mm, sieve size +14) was activated in a Lincat double stone base pizza oven (Lincoln, 146 U.K.) at 265-285 ºC for 3 h prior to use. The wood furnace was loaded with 1.5 kg of dry oak 147 wood shavings and the oil pan was loaded with 700 g of rapeseed oil. The wood was charged 148 with hot ash and set to run for 6 h with the smoke running through one filter column and 149 bubbled through the rapeseed oil. In experiment 9, the rig was employed with a) the filter 150 empty, b) the filter containing 600 g zeolite as received and c) the filter containing 600 g 151 activated zeolite. In a second pilot scale experiment (experiment 10), three different grain 152 sizes of zeolite were used in the filter; size 5 (>1.4 mm), size 3 (355 m-1 mm) and size 2 153 (180-355 m) . 154
Manufacturing scale smoker (experiments 11-12) 155
Additional trials (experiments 11-12) were carried out in a full scale smoking chamber in 156 which different quantities of activated zeolite were tested. PAH analysis was carried out by 157
Eurofins (Acton, U.K.) using a saponification step, followed by SPE and GC-MS similar to 158 the method described below for extraction from oils. 159
Extraction of PAHs from aqueous samples (experiments 4-8) 160
The entire sample (40 ml) was shaken with 22 ml methanol (optimum ratio of water:methanol 161 which had previously been determined) and the internal standard was added (1 ml of perylene 162 (200 g/L)). The PAHs were extracted with SPE based on a method by Zha et al. 19 The whole 163 sample was passed through a Bond Elut CH SPE cartridge (1 g bed, 6 ml total volume, 164
Crawford Scientific, Strathaven, U.K.) which had previously been conditioned with methanol 165 (10 ml). The column was then washed with HPLC grade water (3 times) and once with 10 ml 166 water methanol (65:35 v/v). The column was dried under vacuum (~70 kPa) for 30 min 167 (previously optimised) and then eluted with cyclohexane (4 ml). Recovery was >80% for all 168
PAHs except DBahA (70%). 169 9 Extraction of PAHs from oil (experiments 2-3, 9-10) 170
Extraction was based on a method reported by Oil (10 g) was placed 171 into a round bottomed flask, 12 g of potassium hydroxide, 100 ml of ethanol and internal 172 standard (perylene, 100 L of 2010 ng/L in dichloromethane) were added. The mixture was 173 heated for 1 h (78 ºC) under reflux, filtered and extracted into cyclohexane. The cyclohexane 174 phase was dried over anhydrous sodium sulfate and concentrated by rotary evaporator under 175 reduced pressure (40 ºC) 176
The extract was applied to a SPE cartridge (Bond Elute CH, 6ml, Crawford Scientific, 177 Strathaven, U.K.) previously conditioned with cyclohexane (5 ml). The flask was rinsed with 178 cyclohexane (3 ml), and the PAHs were eluted with cyclohexane (6 ml). The collected 179 fraction was evaporated to approximately 1 mL under a gentle stream of nitrogen. The 180 concentrated extracts were transferred to autosampler vials ready for analysis by GC/MS. 181
Two aliquots of unsmoked oil (10 g) were spiked with the mix of 16 PAHs (100 L of 2 mg/L 182 or 100 L of 5 mg/L in dichloromethane). A three point calibration curve was used to 183 estimate the concentration of the PAHs present in the smoked oils. For all but the 184 naphthalene, acenaphthylene, acenaphthene and fluorine, there was a good linear relationship 185 passing through the origin. 186
Gas Chromatography-Mass Spectrometry (GC-MS) of PAH extracts. 187
The extracts were analyzed using an Agilent 7890A gas chromatograph equipped with a 188
Zebron ZB-AAA column (10 m x 0.25 mm i.d. x 0.25 m film thickness) coupled to an 189 Agilent 5975C MSD. The carrier gas was helium (1.69 ml/min) and the extract (1 l) was 190 injected in splitless mode. The GC oven was held at 45 °C for 135 s, the temperature was 191 raised to 280 °C at 8 °C/min and then to 300 °C at 16 °C/min and held for 4 min. 128, 127, 102, 63; ACYN m/z 154, 153, 152, 76; ACEN m/z 154, 153, 196 152, 76; FLUO m/z 166, 1654, 139, 82; PHEN m/z 178, 176, 89; ANTH m/z 178, 176, 89; 197 FLA m/z 202, 200, 101, 100; PYR m/z 202, 200, 101, 100; BaA m/z 228, 226; CHR m/z 228, 198 226; BbF m/z 264, 252, 250, 126; BkF m/z 264, 252, 250, 126; BaP m/z 264, 252, 250, 126; 199 IcdP m/z 278, 276, 139, 138; DBahA m/z 278, 276, 139, 138; BghiP m/z 278, 276, 139, 138. 200 For each PAH, the identity was confirmed by comparison of the mass spectrum and the detector aperture slit and a metal knife edge collimator were used to minimise air scattering. 219 11 Samples were packed into 0.7 mm borosilicate glass capillaries before mounting on the 220 diffractometer and rotated throughout the data collections in order to minimise any preferred 221 orientation effects. An Oxford Cryosystems Cryostream Compact, mounted co-axially with 222 the sample, allowed temperature control of the sample in the range room temperature to 220 223 C. The temperature of the Cryostream was ramped from 20 °C to 100 °C directly, and then to 224 220 °C in 10 °C increments, before finally cooling to 20 °C. The sample was allowed to 225 equilibrate at each temperature for 5 min before a diffraction data collection was started. 226
Diffraction data in the range 4-45 2 were collected with a step size of 0.017 2 and a 227 count time per step of 0.6 s. At the end of the experiment, the capillary was stored, open to the 228 atmosphere for four days before data were recollected at room temperature. 229
Extraction and analysis of volatile compounds 230
The volatiles were analyzed by SPME/GC-MS. Aliquots of oil (5 g) or tomato ketchup (5 g) 231 were placed in a 20 ml SPME vial and were extracted using a DVB/Carboxen/PDMS 232 Stableflex fiber (SupelCo, Poole, U.K.). The samples were equilibrated at 40 °C for 10 min 233 with intermittent stirring prior to exposure to the fiber for 10 min at 40 °C. The fiber was 234 desorbed in the injection port for 20 min and the volatile compounds analyzed using an 235 Agilent 7890A gas chromatograph equipped with a Zebron ZB-5MSi column (30 m x 0.25 236 mm i.d. x 1 um film thickness) coupled to an Agilent 5975C MSD. Helium was the carrier gas 237 (1.2 ml/min). After desorption, the oven was maintained at 40 °C for 5 min, then raised to 250 238 °C at 4°C/min. Mass spectra were recorded in electron impact mode at an ionization voltage 239 of 70 eV and source temperature of 230 °C. A scan range of m/z 29-400 with a scan time of 240 0.69 s was employed and the data were controlled and stored by the ChemStation system. 241
Volatiles were identified by comparing each mass spectrum with those of authentic samples 242 analyzed under similar conditions. To confirm the identification, a homologous series of n-243 alkanes (C5-C30) were analyzed under the same experimental conditions to obtain LRI values, 244 12 which were compared to the LRIs of authentic compounds. The identity was confirmed by 245 running both the sample and the standards on a Stabilwax-DA column (30 m x 0.25 mm i.d. x 246 0.5 um film thickness) from Thames Restek (Saunderton, U.K.). Analysis was carried out in 247 triplicate for experiment 10, and in duplicate for experiment 12. Each set were run in one 248 randomised block and the peak area of a standard 2-octanol solution run at the beginning and 249 end of the series varied by less than 10%. 250
Sensory profiling 251
Tomato ketchup (100 g) was stirred with oil (2 g) which had been prepared (Experiment 10) 252 on the pilot scale rig using either size 2, 3 or 5 activated zeolite or no zeolite (control). All 253 samples were left to equilibrate for 1 h prior to tasting in amber bottles. A panel of nine 254 trained assessors, each with a minimum of six months experience, was used for sensory 255 profiling of the tomato ketchups. The assessors were first asked to describe the sensory 256 characteristics of the smoky tomato ketchups. Following this initial collection of terms, with 257 the help of references, a consensus vocabulary, consisting of 8 odor terms, 4 taste terms, 7 258 flavor terms, 3 mouthfeel terms and 3 after-effect terms was agreed by the assessors. The 259 quantitative sensory assessment took place in individual sensory booths under red light and at 260 room temperature controlled to 20±0.5 °C. Assessors were provided with a glass of warm 261 water and unsalted crackers for palate cleansing between samples. Samples were presented to 262 the assessors in a balanced randomised order and they were asked to assess the aroma of the 263 ketchup. Then after tasting a small quantity off a teaspoon, they assessed the taste, overall 264 flavor and mouthfeel of the ketchup and, after a 60 s break, the after-effect. The intensity of 265 each attribute for each samples was recorded by the assessors on a 100-point unstructured line 266 scale. All data were collected using Compusense version 5 software (Compusense Inc., 267
Guelph, Ontario, Canada). A duplicate assessment was carried out in a separate session. 268
Statistical analysis 269
13 ANOVA was carried out on the volatile analysis from experiment 10 and multiple pairwise 270 comparisons were done using the Fisher's least significant difference (LSD) test with the 271 significance level set at p = 0.05. SENPAQ version 3.2 (Qi Statistics, Reading, U.K.) was 272 used to carry out two-way ANOVA on sensory profiling data where main effects were tested 273 against the sample by assessor interaction. Multiple pairwise comparisons were done using 274 the Fisher's least significant difference (LSD) test with the significance level set at p = 0.05. 275
RESULTS AND DISCUSSION 276

Reduction of PAHs from a simple matrix (experiments 1-3) 277
Preliminary experiments consisted of stirring a standard mixture of 16 PAHs (201 g/L) in 278 dichloromethane in the presence of the zeolite. Two zeolite grain sizes were investigated, size 279 4 (1-1.4 mm) or size (2, 180-355 m), the zeolite was used both as received and after 280 activating at 270 °C, and exposure times were 1, 5 or 60 min. Table 1 shows the concentration 281 of the selected PAHs remaining after exposure to the zeolite, under each set of conditions. 282
The full set of 16 PAHs is given in the supplementary material. There are very clear trends. 283
The greatest difference was observed between the size 4 and size 2 grain size, with far greater 284 reductions achieved when the fine grains were used. The increase in surface area of the 285 particles provides greater exposure of the PAHs to the zeolite structure. A greater reduction in 286
PAHs was also observed in the pre-heated zeolite (HT) compared to zeolite in its natural state 287 (AR), with, for example, the BaP concentration reduced after 60 min to 3% of the original 288 using pre-heated medium zeolite, compared to 60% using the natural zeolite (experiment 1c 289 vs. 1f). Furthermore, where there was a reduction in PAHs observed, there was a strong 290 tendency for a greater reduction as the exposure time increased. 291
It was also observed that for each of the different PAHs, the concentrations were not all 292 reduced to the same extent. There was a tendency for the higher molecular weight PAHs to 293 decrease more than those of lower molecular weight. There was no significant reduction in 294 14 naphthalene with any of the exposure conditions, and only small reductions (<20%) in 295 fluorene and phenanthrene. Benzo[a]pyrene showed the greatest reduction when the heated 296 (HT) zeolite was used (experiment 1e-1g and experiment 1j-1l). The best conditions for 297 reducing PAH levels were achieved in experiment 11 utilizing pre-heated and finely ground 298
zeolite. This produced a reduction in all PAHs except naphthalene, a reduction >94% for each 299 of the four regulated PAHs, and a reduction in BaP of >99.9% (0.2 ng/L remaining). This 300 shows a reduction in the concentration of the Group 1 carcinogen BaP, significantly greater 301 than reported for any other mitigation strategy. 302
When food grade deodorised coconut oil was used as the matrix (experiment 2), and spiked 303 with the standard mixture of 16 PAHs (201 g/L), after stirring with size 4 zeolite which had 304 been activated (12 h at 270 °C), the same trends were not observed (Table 1 ). It may be that in 305 the more lipophilic environment, migration of the PAHs into the zeolite is slower and less 306 energetically favorable. The deodorised oil was also subjected to a real smoking process 307
(rather than addition of a mix of PAHs). The oil was smoked with oak chips in a smoking 308 chamber for 72 h and the resulting smoked oil was stirred with size 4 zeolite for 1 or 18 h and 309 analyzed for PAHs (experiment 3). There was no consistent trend and concentration of PAHs 310 was only reduced on average to 60% of the original (Table 1) The concentration of PAHs generated during the 72 h smoke varied quite substantially from 314 20 g/kg for phenanthrene whereas the more carcinogenic PAHs were present at 1-2 g/kg in 315 the untreated sample, specifically benzo[a]pyrene was found at 1.4 g/kg and the PAH4 total 316 was estimated to be 7 g/L. These levels are within the limits recommended by the EC 317
Commission Regulation No 1881/2006 which set maximum concentrations as low as 318 reasonably achievable (ALARA) at 2 and 20 g/kg for BaP and PAH4 respectively in coconut 319 15 oil intended for direct human consumption or use as an ingredient in food. However, our aim 320 was to reduce these levels yet further to minimise human exposure to these known 321
carcinogens. 322
Although this technique demonstrated that in principal PAHs can be removed from simple 323 matrices by stirring with zeolite, in practice, the reduction from the coconut oil was not 324 sufficient to make this a useful technique for the food industry. Furthermore, this technique 325 could only be applied to the most simple food matrices and could not be applied more 326 generally to smoked foods such as smoked spices, smoked sauces and other key food 327 ingredients. Subsequent experiments were designed to test the capacity of the zeolite to 328 reduce the concentration of PAHs in smoke used to prepare smoked foods, rather than 329 extracting them from the foods or ingredients post smoking. The working hypothesis was that 330 removing PAHs from an aqueous smoke environment, in which the PAHs are poorly soluble, 331 would be easier than removing them from a lipophilic environment. 332
Reduction of PAHs from smoke (experiments 4-12) 333
The generation of smoke from the burning of wood is a highly variable process, particularly 334 when carried out on a laboratory scale. For this reason a dual stream smoker was devised so 335 that one source of smoke could be split into two equal streams which would allow comparison 336 of a treated smoke with a control. The laboratory scale rig is shown in Figure S1 . Smoke was 337 collected in 40 ml of water (selected for safety reasons and ease of analysis) and the samples 338 were extracted by SPE prior to analysis by GC-MS. The process was run five times, each with 339 slight modifications (Table 2) . Firstly, it is clear that the smoking process was very variable 340 but, in all cases, a decrease in PAHs was observed in the zeolite-treated sample compared to 341 the control. In experiments 4 and 5, the zeolite was only activated in a beaker for 3 h at 270 342 ºC and the reduction of PAHs was only 40% in the best cases. With 17 h activation in 343 experiment 6, 7 and 8, there was a far greater reduction in all the PAHs. In experiment 6, the 344 16 concentration of all PAHs was reduced by >80% and, in the most successful experiment 7, 345 they were all decreased by >90%. Of the group of PAH4, the concentrations of chrysene and 346 benzo[a]anthracene were reduced by 92 and 94% respectively, and benzo [b] fluorene and 347 benzo[a]pyrene were reduced to concentrations both below the limit of detection for this 348 method. Thus, although the generation of smoke is variable, the reduction in the concentration 349 of PAHs is consistent if the zeolite is activated for sufficient time. 350
Having demonstrated the potential of the zeolite to remove PAHs from smoke, a single stream 351 pilot scale smoker was built, which produced a consistent stream of smoke. The filter could 352 be filled with inert material, or left empty, and the filtered smoke was collected in rapeseed 353 oil. In experiment 9, both the native zeolite and the activated zeolite were tested against a 354 control and, when the activated zeolite was used, there was a consistent decrease in the 355 concentration of PAHs. When this was repeated (experiment 10) using activated zeolite of 356 different grain size (sizes 2, 3 and 5), the coarse zeolite (size 5) was not effective, the medium 357 reduced the concentration of PAHs by only 40-60% but the fine (size 2) produced a smoked 358 oil where the concentrations of all the PAH4 were below 0.5 g/L. These trends are similar to 359 those where the zeolite came into direct contact with the matrix (Table 1) , and indicates that 360 the zeolite must be activated prior to use, and that maximizing the surface area of the zeolite 361 is key to developing an efficient process for removing PAHs from smoke. Further data from 362 smoked oil produced on a manufacturing scale is provided in Table 2 (experiments 11 and 12) 363 to show that this reduction in the concentration of PAHs can be achieved in an industrial 364 smoking chamber. 365
Zeolite Structure 366
For successful removal of PAHs, the requirement to activate the zeolite led us to investigate 367 its structure in more detail, in an attempt to understand the structural changes taking place 368 during activation and the rate at which the zeolite structure reverts to its native state. The 369 17 thermogravimetric analysis (TGA) ( Figure S2 ) shows a weight loss of ca. 11.5%, due to water 370 loss with the majority of the loss occurring by the time the sample reached 270 C. Water loss 371 was essentially complete after 2 h. 372
The powder X-ray diffraction (PXRD) pattern of the zeolite changed markedly upon heating, 373 reflecting the structural changes that arise from the loss of bound water in the structure. 374 Figures S3 and S4 show the changes in the diffraction patterns as the temperature was raised 375 in steps from 20 C to 220 C, whilst Figures S5 and S6 compare the pattern of the sample 376 after cooling back to 20 C either immediately ( Figure S5 ) or after 4 days ( Figure S6) . 377
The PXRD and TGA results show structural changes associated with water loss from the 378 zeolite crystal structure. The extent of water loss is in reasonable agreement with previous 379 measurements. 21 That the water loss is associated with structural changes is evidenced by the 380 significant changes in the appearance of the powder X-ray diffraction pattern as a function of 381 temperature. The patterns for the sample at 220 C and then after cooling back to 20 C are 382 largely superimposable and even after 4 days of storage, the sample had not fully reverted to 383 its "as received" state. This slow re-uptake of water from the atmosphere was undoubtedly a 384 function of the fact that the sample remained inside the 0.7 mm glass capillary during the 385 storage period. Other experiments (not shown here) indicated that reversion to "as received" 386 state after heating occurred much more quickly when the sample was left fully open to the 387 atmosphere and that grain size played a role in the speed of reversion. This reversion process 388 was important when considering scale-up to industrial smoking chambers. 389
No further attempt has been made to understand the mechanistic basis of PAH removal by the 390 zeolite, nor to relate size of PAHs removed to zeolite pore size. Such an investigation would 391 require detailed crystallographic and computational work that lies outside the scope of the 392 current investigation. 393
Volatile Analysis 394 18
The smoked rapeseed oils produced in experiments 10 and 12 were retained for volatile 395 analysis. Figure 1 shows the volatile profile of the control smoke vs. the smoke filtered 396 through the fine grain zeolite. Inspection of Figure 1 suggests that the loss of volatile 397 components is minimal when the fine filter is employed, corroborated by only a 7% decrease 398 in the total area of those peaks analysed (Table 3 ). This is extremely encouraging and shows 399 that most of the volatile compounds were not retained by the fine particulate zeolite and, more 400 importantly, it demonstrates that the observed reduction in the concentration of PAHs is not 401 simply a result of less smoke being passed through the rig. There was, however, a tendency 402 for the peak areas of the later eluting compounds to be diminished, which warranted a more 403 detailed analysis of the volatile data. Table 3 , where the 407 changes in volatiles are expressed as the mean peak area normalized to the control where no 408 filter was employed. The full data including the coefficients of variation for experiments 10 409 and 12 are shown in Table S1 . The overall trends in Table 3 are clear. Whereas the overall 410 volatile profiles are similar, for all compounds analyzed except 5-methyl-2-411 furancarboxaldehyde, there were significant differences between the samples. For all 412 compounds except 2-furancarboxaldehyde, 2-furanmethanol, 5-methyl-2-413 furancarboxaldehyde and 1-(2-furanyl)ethanone, the unfiltered smoke contained the greatest 414 amount whereas use of the fine filter produced the least, suggesting that the filter did indeed 415 retain some of the key smoky compounds. Whilst 50% of the 4-methoxyphenol was retained, 416 the isoeugenol isomers were not detected when the fine filter was used. The furans were 417 relatively unchanged across the four oils, but the key smoky compounds were more affected, 418 particularly the methoxyphenols (guaiacols), many of which were reduced to 30% or less of 419 19 the original amount. These changes are likely to affect the overall perception of the smoky 420 aroma, so further work is in progress to estimate the relative contribution of the different 421 compounds to the aroma of smoke. 422
It is also noticeable in Table 3 that there were some apparent anomalies in the volatile profiles 423 of the two intermediate samples (size 5 vs. size 3 zeolite filter), particularly in phenol and 2-424 methoxyphenol where the peak areas were higher in the sample prepared with the smaller 425 grain size 3. This trend can be seen in the total peak area and in other volatiles, particularly 426 the lower molecular weight ones (Table 3 ) and can only be explained as a result of the 427 inconsistency of the smoking process, which for some reason has produced more of the highly 428 volatile smoke compounds. This difference may be widespread across the whole 429 chromatogram, but just less evident when the reduction in volatiles is greater (higher 430 molecular weight). 431
Informal sensory assessment of the smoked oils from experiment 10 revealed some minor 432 changes in the aroma of the sample after treatment with the filtered smoke, compared to the 433 control, but these differences tended to be a reduction in the harsh acrid notes and the overall 434 flavor was even anecdotally improved. Formal sensory profiling was carried out on these four 435 samples dosed into tomato ketchup at 2% (see below). The changes in the volatile profiles of 436 the tomato ketchups are shown in Table 3 , and the trends are similar to those found in the oils. 437
The oils generated in experiment 11 were also analyzed for volatile compounds. In this 438 experiment, the weight of zeolite used increased across the series, and there was concomitant 439 decrease in the PAHs. In this series, there was a very clear trend in the volatile profile: as the 440 weight of zeolite used increased, all the phenols, guaiacols, and syringol showed a significant 441 decrease in peak area. This was less so for the group of furans which remained relatively 442 stable across the series. Thus in both series, there was a consistent decrease in key smoke 443 compounds as the filter "strength" was increased, and in the most extreme cases, syringol was 444 20 reduced to 6% of the control and the isoeugenols were removed completely. It is important to 445 establish what the impact on flavor perception is, given this decrease in key smoke 446 compounds. 447
Sensory Analysis 448
Sensory analysis of the tomato ketchups revealed few significant differences between the 449 samples ( Table 4) . Of the 25 attributes scored, only two (sweet aroma and throat burn) 450 showed significant differences between samples of ketchup. However, Fisher's LSD also 451 showed some emerging trends which are consistent with the volatile data. There was a 452 tendency for the smoky bonfire and smoky mackerel notes to decrease across the series and 453 hydrocarbons in the particulate phase of cigarette smoke using a gas chromatographic-high-571 resolution mass spectrometric technique. J. Chromatogr. Sci. 2002, 40, 403-408. 572 20.
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